. stations and at the stations for check of measurements in each data set. Their data sources are as follows: Nagoya University, 3,839 points distributing in the study area; Geographical Survey Institute (GSI), 480 points mainly on bench marks and triangulation points; Metal and Mining Agency of Japan (MMA), 1,031 points in the Hida region; Earthquake Research Institute, the University of Tokyo, 282 points in the vicinities of Matsumoto Basin (Hagiwara et al., 1986) and Lake Suwa (Hagiwara et al., 1987) ; and the Chubu Works of Power Reactor and Nuclear Fuel Development Corporation, 262 points in Mizunami City, Gifu Prefecture. Locations of all the gravity data are shown in Fig. 3 together with the distributions of active faults.
To improve the poor station coverage around the focal region, we carried out gravity surveys three times in 1986 and twice in 1987. A total of 601 new gravity data was obtained through 21 days' measurements. Their locations were generally at high altitudes in the central part of Fig. 3 . In most cases we made measurements at elevations higher than 1,000 m, some times at very high spots more than 2,000 m to retain dense coverage.
Topographic maps provided by Nagano Prefectural Office and the Forestry Agency, and the 1:25,000 scale maps from GSI were used for selection of measuring spots and altitude determination. Elevation errors less than 5 m are essential to achieve gravity sources of error were due to (1) inaccurate field data reduction, (2) inaccurate terrain corrections, (3) insufficient coordinate accuracy, and (4) various mistakes at field measurements. The problems concerning the first three items could be solved by a unified recalculation after correct revisions of the method and careful reexamination of the field data. On the other hand, the last problem such as erroneous location of positions or reading of gravity meter's dial value and so on should be carefully inspected referring to the field documents. Based on the method described in Yamamoto et al. (1982b) , we performed the above laborious revisions on all the data sets. We recalculated drift by the closing loop method taking reference stations as many as possible so that errors due to a non-linear drift during the period of several days are minimized. Concerning the Nagoya University's data, there were some discrepancies not only in reduced gravity values but also in the terrain corrections between data sets in early stages (1978) (1979) (1980) (1981) (1982) (1983) and later ones. These discrepancies were remarkably noticed at high altitudes. They were originated from (1) the difference in conversion tables for respective gravimeters (Nakagawa et al., 1983) , (2) differences in drift reduction processing, and (3) differences in methods of terrain correction (Nozaki, 1981; Yamamoto et al., 1982b) . These errors were completely removed from the original data set through our recalculations.
Coordinates in the original data from GSI were all given to an accuracy of 0.1 min in arc (185 to 150 m) for both in latitude and in longitude. Resolution of this coordinate accuracy often leads to an erroneous terrain correction especially in the area of steep topography. Most part of the present study area comes under the critical condition. We revised, therefore, GSI's coordinates up to the order of 0.01 min in arc, that was the same accuracy with the Nagoya University's. Some data among the MMA's showed a significant discrepancy in altitude value from our new data measured for cross-check. It was clarified that this discrepancy was caused by an erroneous reduction in the leveling data processing. After performing altitude corrections on them, the irregular pattern around Myogata Village disappeared completely.
Finally, a new Bouguer anomaly map with a reduction density of 2.67 g/cm3 was contoured with 1 mgal interval as shown in Fig. 4(a) . We can find a smooth variation of gravity anomaly compared to the preliminary results by Shichi et al. (1988) .
We estimated the optimum density for the study area using the method proposed by Fukao et al. (1981) and a value of 2.59 g/cm3 was obtained. Figure 4 (b) is drawn by applying 2.5,9 g/cm3 for the reduction density. The Bouguer anomalies for different densities are almost the same except for regions with steep topography. However, a reduction density of 2.59 g/cm3 seems better to give a smooth variation as a whole (cf., Fig. 4(a) and (b) ). Small differences between two maps show that calculated gravity anomalies are relatively insensitive to reasonable variations in the assumed density. Therefore Bouguer signals commonly observed must be significant. Yamamoto et al. (1982b) discussed an overall accuracy of Bouguer anomaly in the Central Ranges. They concluded that the accuracy of Bouguer anomalies in the mountainous area was no better than several to 10 mgal in absolute values, but it might be better in relative values. The present study area is one of the steepest mountainous regions in Japan. Nevertheless, gravity anomaly patterns in these figures prove that our gravity data and processing guarantee a resolution around 1 mgal as a whole.
Gravity Anomaly
The most conspicuous feature found in Fig. 4 is a triangle with the apexes shown by the 3 asterisks, MM, SH, and KD in Fig. 1 . The southwest side of it, however, is a gentle slope of Bouguer anomaly. The triangle is sharply bounded by the Atera Fault (AF) on the southwest side (MM-KD line) and by the Inadani Fault System on the east side (SH-KD line), respectively. The latter fault system marks the western periphery of Ina Basin (IB). The north side is bounded by the E-W trending line, MM-SH, connecting Mumaya (MM) and Shiojiri (SH) through Mt. Norikura (NOR). Crossing it from south to north, the trend of Bouguer contours changes suddenly from NE-SW to N-S. Although the Atera Fault and Inadani Fault System are geologically distinct boundaries, there are no significant geological evidences for the MM-SH line. It is more likely that the line suggests an existence of a tectonic boundary, though not recognized so far.
We can see a weak NW-SE trend of lineament near the northeast corner of the triangle. It corresponds to Sakaigawa Fault (SF) and a weak low anomaly along the upper stream of Kiso River or Kisodani Fault (KF). Although a Bouguer low is recognized along the Inadani Fault System, a correction for lateral density variation would reduce this negative anomaly. The Kiso Mountain range (K) is as large as about 80 km in length and 15 km in width. Its highest summit is Mt. Kiso-Komagatake (KOM, 2,956 m). But its body may not have an isostatic root and may be supported by some tectonic force. On the contrary, there is a dominant Bouguer low corresponding to the Hida Mountain range (H), which suggests the existence of an isostatic root (Yamamoto et al., 1982a, b) . We, therefore, refer to this triangle as "Ontake Triangle" hereafter. The Kiso Mountain range is included in this triangle. A strong Bouguer anomaly gradient belt trending nearly NE-SW direction is delineated in the center of the Ontake Triangle for about 12 km in length. Note that the 1984 earthquake took place just on the southern periphery of this gradient belt (see Fig. 1 ).
General trend of the iso-gal lines in the Ontake Triangle is nearly perpendicular to the Atera Fault. On the contrary, they are aligned parallel to the Atera Fault in the southwest side of the Ontake Triangle. To discuss the gravity structures in more detail, we prepared several cross-sections in this region. Figure 5(a) shows an NW-SE crosssection of the 10 km wide zone, A-A' (in Fig. 3 ) across the steep gradient belt along the focal region of the 1984 earthquake.
Cross-sections viewed from southwest for topographies and Bouguer anomalies with a reduction density of 2.67 g/cm3 are given on the .top and the middle in Fig. 5  (a) , respectively. The gravity profile does clearly illustrate a downward concave shape. It is therefore expected that the gravity feature of the Ontake Triangle may be better understood by reducing the general trend of this gravity profile. As a first approximation, the trend is assumed as a simple parabolic surface. Its axial plane passes a point about 4 km northwest from the summit of Mt. Ontake perpendicularly to the Atera Fault. The location is marked as 'AXIS' in Fig. 5(a) . On the other hand, a gravity profile along the axial plane is shown in Fig. 5(b) . The profile B-B' in Fig. 3 is projected from southeast by the same way as in Fig. 5(a) . In projected onto the vertical plane parallel to C-C' in Fig. 3 . The linear trend on the part corresponding to the Ontake Triangle may be acceptable for the general trend in the southwest-northeast direction. By fitting a combined simple parabolic surface and a linear-trend, trend-reduced gravity anomalies are illustrated on the bottom of each figure of Fig. 5 . The most impressive feature in Fig. 5(a) is a fairly steep gradient of gravity anomaly. A gravity step by 15 mgal within about 10 km width is seen as a knife cut shape on the bottom of Fig. 5(a) . EQ in Fig. 5(a) is the location of the 1984 earthquake. The source region of the 1984 earthquake is located just on the corner where gravity anomaly is abruptly decreasing northwestward. This characteristic gravity feature should be important for explaining the focal process of the 1984 earthquake. Figure 5 Figure 6(a) and (b) illustrates trend-reduced Bouguer anomalies for reduction densities of 2.67 and 2.59 g/cm3, respectively. The characteristic feature of the Ontake Triangle described above on those in Fig. 4(a) and (b) became more evident. The features to be pointed out from these figures are as follows.
(1) The Ontake Triangle has a rather flat plane in the southeastern half. This is clearly shown by the cross-sections shown on the bottom of Fig. 5(a) , (c), and (f). The Kiso Mountain range is apparently a part of the Ontake Triangle. As shown on the bottom of Fig. 5(a) , (c), and (d), there is no isostatic root associated with the Kiso Mountain range. In the middle part of this triangle, there are gentle slopes of Bouguer anomaly decreasing northwestward on both northeast and southwest sides across the region of abrupt gravity change. This steep gradient belt between them clearly marks the northern edge of source region of the 1984 earthquake.
(2) Geological evidences show that the southeast end of the Atera Fault fades away around Sakashita (SAK). Its northwestern end terminates near the west side of Osaka (OSA) after bending its direction northward (see Fig. 1 ). But Fig. 6 clearly indicates that the linear trend of the Atera Fault extends further northwestward and southwestward even out of the present study area. Its total length seems to be about 150 km long. In a geophysical sense, it is suggested that the Atera Fault is nothing but for Active Faults 469 Fig. 5 a part of a large tectonic line. Therefore we propose a tectonic line, "Atera Tectonic Line" (ATL). The iso-gal lines aligned parallel to ATL in the southwest side change their directions towards NE-SW, nearly perpendicular to ATL in northeast side. ATL forms a distinct notch along the part of active faults. (3) Figure 5 (e) shows cross-section for the zone E-E' in Fig. 3 , crossing the Hida Mountain range (H) in the E-W direction. A clear Bouguer low, suggesting an isostatic root of the Hida Mountain range, is delineated in the center of the profile. But this Bouguer low anomaly abruptly vanishes away at about 20 km south from the zone E-E' (see Figs. 4 and 6) . The southern border of the anomaly, trending E-W, locates near the summit of Mt. Norikura (NOR) and constitutes the northern periphery of the Ontake Triangle. Hirahara et al. (1989) investigated three-dimensional P-wave velocity structure beneath central Honshu. Their velocity profile is consistent with our gravity profile of the N-S cross-section in Fig. 5(f) . Another distinct low-anomaly in the eastern part of the Matsumoto Basin (MB) along the Itoigawa-Shizuoka Tectonic Line (Hagiwara et al., 1986 ) is shown in the eastern part of Fig. 5(b) and (e).
Geology shows many active faults distributing systematically in the present study area. What characteristics do they have in correlation with gravity signals? Let us go back to Fig. 4 again to see gravity profiles more macroscopically. Figure 7(a) shows a low-pass-filtered Bouguer anomaly with a cut-off wavelength of 15 km for Fig. 4(a) . A shaded area represents a Bouguer low anomaly zone below -44 mgal. For comparison with the trend-reduced anomaly, we adapted the same trend-reduction to the Bouguer map with a reduction density of 2.67 g/cm3 (Fig. 6(a) ). The result is illustrated in Fig. 7(b) , where negative Bouguer anomalies are shaded.
The characteristics of the Ontake Triangle and ATL on long-wavelength field are more clearly recognized in Fig. 7 (b) than in Fig. 7(a) . The difference between the two figures suggests that a suitable preliminary processing of the data such as the trend reduction is required for better understanding of gravity profiles.
High-pass-filtered Bouguer anomaly maps to be compared with Fig. 7 (a) and (b) are shown in Fig. 8(a) and (b) , respectively, with a cut-off wavelength of 15 km. Both patterns of short-wavelength components are practically the same (cf., Fig. 8(a) and (b)) because of the smooth variation in the trend reduction. Note that major and some of minor active faults are concentrated in negative zones of the short-wavelength fields. Besides, we can observe that low and high zones are alternatively aligned parallel to the ATL in the southwest side of it and perpendicular in the other side.
We calculated Bouguer anomaly gradients in the whole study area for both gravity anomalies on Figs. 4(a) and 6(a) . The results are shown in Fig. 9(a) and (b) , respectively. In these figures, zones steeper than 1.5 mgal/km are shaded. High Bouguer gradient fields shown in Fig. 9(a) are slightly different from those for trend-reduced There must be other better functions for the general trend. Corrections near both ends of the profile A-A' in Fig. 3 might be too large. As seen in Figs. 6 and 7(b), for instance, iso-gal lines along the ATL bent southward near the northwest part of ATL. We should try to adopt more realistic fittings. We propose the Ontake Triangle that is bounded in the east side by the Inadani Fault System. Although this eastern boundary is very clear, there is another possibility that the boundary is the Median Tectonic Line (MTL). The gravity feature of low anomalies along the Inadani Fault System might be due to the thick sediments along the Ina Basin (TB). To make clear this, the study area should be extended eastward.
We propose the Atera Tectonic Line, ATL. By the similar reason mentioned above, both northwestward and southward extensions of the survey area are required to investigate properties of the ATL. Looking into its trend from northwest end to southeast side in Fig. 6 , it once becomes obscure in the southern side of Sakashita (SAK) and becomes evident again at near Kadoshima (KD). The nature of ATL as a tectonic boundary and its relationship to the tectonic and volcanic activity of Mt. Ontake still remain enigmatic.
There is a dominant lineament marking the northern periphery of the Ontake Triangle. Its nearly E-W trend is quite different from geological features that have been recognized so far.
According to Yamamoto et al. (1982b) , neither the Akaishi range nor the Kiso range has a Bouguer low. On the contrary, a dominant Bouguer low in the Hida Mountain range suggests the existence of an isostatic root. The Central Ranges, which consist of these three mountain ranges, are known as an uplifting zone with a high rate of 1-2 mm/year (Dambara, 1971; Research Group for Quaternary Tectonic Map, 1973) . As was discussed by Yamamoto et al. (1982a) , the crustal thickening under the Hida Mountain range, however, is not isostatically sufficient to support the surface load. They estimated the minimum horizontal compressional force responsible for the uplifting as about 300 bars in the WNW-ESE direction in this area. This must be the driving force of the 1984 earthquake.
The 1984 earthquake occurred just in the center of the Ontake Triangle in a very characteristic manner in correlation with the gravity profile. Its focal region was confined into the area adjacent to a strong gradient belt of gravity anomaly. If we assume that the 1984 earthquake occurred under the condition associated with the steep gravity anomaly belt as long as 12 km, its magnitude of 6.8 was almost the maximum.
Conclusion
We have completed a Bouguer anomaly map in the surrounding area of the 1984 earthquake by supplementing gravity data in the vicinity of Mt. Ontake and by performing overall revisions of all the data files. The results guarantee a resolution of gravity signals as accurate as 1 mgal.
A triangular crustal block, the "Ontake Triangle," and a tectonic line, "Atera Tectonic Line," were discerned. We found a characteristic steep gradient belt of the gravity anomaly in the central part of the Ontake Triangle, suggesting a close relation to the occurrence of the 1984 earthquake. The main fault of the 1984 earthquake was located just on the southern side of the steep gradient belt of gravity anomaly dipping towards north and was confined within the extent of it. The location of faulting of the largest aftershock exactly coincides with the western end of the steep gradient belt.
